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ABSTRACT 

The purpose of this thesis was to design the 
electronic circuitry necessary to operate a thyristor 
network as an a.c. to a.c. frequency changer, or cyclo- 
converter. A low-power model of an SCR cycloconverter 
of the configuration proposed for supplying variable- 
frequency, three-phase, a.c. power to a synchronous ship- 
propulsion motor with a superconducting field winding was 
designed. The model was constructed for single phase to 
single phase operation, and demonstrated speed and torque 
control of a.c. synchronous motors. Additionally, a 
direct-coupled low frequency reference signal generator 
was designed and constructed which generates a three-phase 
sinusoidal signal of constant amplitude that is spatially 
dependent on the rotor position. This ensures constant 
synchronism of the rotor with the stator field, and allows 
the motor to start synchronously. 
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INTRODUCTION 



The design of a specific propulsion system has in 
the past been predicated upon optimum use of available system 
components to a large degree. The limitations of this 
approach are obvious. In any naval propulsion system, present 
equipment soon reaches optimum levels of utilization, and in 
order to significantly improve the performance of a vessel, 
a new, perhaps radical, approach must be employed. The new 
design concepts must be, however, of such a significant 
improvement over existing systems that the expense and 
development of the new system can be economically warranted. 

A design engineer is ordinarily given a require- 
ment that a new design must fulfill. In propulsion systems, 
the requirements are in terms of speed and power. It is the 
task, then, of the engineer to meet these requirements while 
optimizing other standards. In the past, the engineer has 
attempted to minimize weight and volume of propulsion 
systems, while maximizing fuel economy and reliability. 

Even these four criteria often demand trade-offs in order to 
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optimize the entire system. Unfortunately, at the same 
time, other aspects, such as system response, flexibility 
to meet other requirements and stability have simply been 
ignored until after the improved system has been designed. 

These aspects are then determined, and consequently remain 
system limitations, as a consequence of the system design. 

Historically, naval propulsion systems have 
consisted of boiler-turbine-reduc t ion gear drive systems. 

When an increased speed or power requirement is determined 
for a new design of vessels, improvements are made in this 
basic drive system. Improvements have been significant -- 
the development of 1200 pound steam systems, nuclear reactors 
to provide the thermal energy in the boilers, and high speed 
turbines -- which have led to drive systems of high per- 
formance and good economy. Electric drive systems have, 
in general, been developed for small vessels only, such as 
diesel-electric submarines and small auxiliary vessels. 

These drive systems for the most part employ large d.c. motors. 

Conventional d.c. machines are limited in size 
because of the difficulties in extracting large amounts of 



9 



power from the rotating armature. Investigations into new 
d.c. machine designs, such as the homopolar machines, have 
been conducted, but homopolar machines, being low-voltage, 
high-current machines, tend to be quite lossy at the 
current extraction points under heavy loads. 

A.c. machines in the past have been considered 
too large and heavy for their power requirement to be used 
in naval propulsion systems. However, significant progress 
has been made in the development of new a.c. synchronous 
machines with superconducting field windings, which have 
the advantage of significantly reducing the weight and 
volume for equivalent power output, while at the same time 
increasing the system response over conventional propulsion 
systems.^ A.c. machines have an immediate advantage over 
similar d.c. machines in large power applications, since 

the only current which must be applied to the rotating 

i 

field is excitation current, which is normally only a small 
fraction of the armature current. Thus, the high current 
collection problems are avoided, since most of the current 
is applied directly to a stationary armature. 
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If a,c. synchronous machines are selected as the 
basis of a new propulsion system, radical changes must be 
made in the area of power controllers • In conventional 
boiler-turbine systems, control is maintained by direction 
and flow rate through steam turbines. Even in d.c. machine 
propulsion systems, system control can be maintained by 
control of field current or armature voltage to yield 
constant horsepower or constant torque as desired. The 
control of an. a.c. machine is not so simple. An a.c. 
synchronous machine must be rotating at a synchronous 
speed determined by the frequency of the line power 
supplied to it in order to deliver torque. If the 
sychronous machine is to be directly attached to the 
propulsion shaft, shaft speed can only be controlled by 
the control of the line frequency of the a.c. power being 
delivered to the armature. of the machine. The amount of 
torque at any given speed then can be controlled by con- 
trolling the magnitude and phase of the armature current. 
Thus the power controller must be able to control one or 
both of these current functions. 
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In order to provide smooth continuous torque to 
the propulsion shaft, the motor must be polyphase; 
standard synchronous motors tend to be normally two or 
three phase. Thus the power controller must be able not 
only to supply a variable frequency current to the motor, 
but must also provide three or six phase current whose 
phase relationship is constant over the entire frequency 
range of the power supplied. In order to reverse the 
motor, the power controller must be able to reverse this 
phase relationship, and must allow for reverse flow 
through it to provide for regenerative braking. 

The solid state frequency converter which is 
flexible enough to meet all of these requirements is a 
cycloconverter. A cycloconverter is a form of a.c. to a.c. 
frequency changer, employing controllable rectifiers. It 
differs from other solid state a.c. to a.c. frequency 
changers, such as rectifier-inverter combinations, in that 
there is no d.c. link, where no reactive power may be trans- 
mitted. In other conventional solid state frequency 
changers, reactive power must be added to the load circuit 
through either tuned storage elements (capacitors or 
inductors) or through a large synchronous condenser unless 
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the synchronous motor is always run at unity power factor* 
The high pox^er levels required by a propulsion motor 
eliminate the possible use of capacitors, and in order to 
drive the machine at unity power factor, the excitation 
current must be controlled* 

^’Qycloconversion*' is the term generally applied 

to using an a*c* input of one fixed frequency, and 

electronically ^^chopping" the waveform so as to assimilate 

a lower frequency a*c* waveform (as opposed to ‘^cycloin- 

version'% which changes the fixed frequency to a higher 

output frequency) * The term ^'cycloconverter'* was 

originated by the Germans in the 1930* s to specify devices 

employing mercury arc rectifiers, used to convert three 

phase, 50 hertz source po\^^er to a single phase, 16 2/3 

hertz supply for a*c* traction used by the German State 
2 ,3 

Railways* ’ The advent of semiconductor silicon con- 

I 

trolled rectifiers has added new impetus to the development 
of cycloconverters, because of their significant advantages* 
The new silicon controlled rectifiers differ from the 
earlier mercury arc rectifiers in that the former are fired 
by application of gate current, vzhile the latter are con- 
trolled by grid voltage. These semiconductor devices have 
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significant advantages over the mercury arc rectifiers in size, 
power range, and most importantly, price. 

A basic cycloconverter circuit consists of a pair 

of conventional a.c. to d.c. rectifier circuits connected 

in parallel, as shown in figure 1. The groups are designated 

as positive and negative, as determined by the direction of 

current conduction. Early concepts in cycloconverters 

proposed merely firing the positive and then the negative 

3 

groups sequentially at the desired frequency. This method 
of cycloconversion, designated envelope cycloconversion, was 
then simply a controlled rectifier in which the rectified 
current was alternating between positive and negative d.c. 
values. All commutation between current carrying rectifiers 
was natural, and no grid control was needed to vary the angle 
of firing. The major drawbacks were that the envelope 
cycloconverter could only supply noninductive loads, and that 
no energy regeneration backwards through the cycloconverter 
was possible. 

Rissik, then, was responsible for the development 
of the **gr id -controlled cycloconverter,” so named because 
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f Phase 

Three Phase to One Phase Pud Wave Cycloconverter 

Figure I 



the mercury arc rectifiers vere controlled by adjusting 
the grid voltage. The low frequency signal in this case 
is generated by controlling the firing angle of the con- 
trolled rectifiers. By sinusoidally varying the firing 
angle of the conducting rectifier, the output waveform 
is approximately sinusoidal (see Section 1.4). The 
harmonic content of the output waveform is greater than 
that of the envelope cycloconverter (figure 2), but it 
has the advantage of power regeneration and flexibility 
to be connected to loads requiring any power factor. In 
order to reduce the harmonic distortion, a full wave 
cycloconverter, which uses both positive and negative 
cycles, as in a full wave rectifier, is desirable. 

The cycloconverter can supply power over a 
continuous frequency range from zero hertz (d.c.) to 
approximately one third the frequency of the input voltage. 
Whereas reactors were used in the early models of cyclo- 
converters to limit the circulating currents caused by 
providing firing pulses to banks of rectifiers, positive 
control of the firing signal is used to blank possible 
inter-circuit shorts. The cycloconverter, using this 



16 




17 



Waveform of Envelope Cycloconverter 



technique, becomes an efficient, practical method of 
frequency conversion with direct application for speed 
control of a.c. machines. 
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Chapter I 



Design Approach 

The analysis of the cycloconverter operation can 
best be understood if subdivided into its fundamental com- 
ponents. There are two basic sections to the cycloconverter. 
The first section is the conduction section, consisting of 
the basic arrangement of thyristors shown in figure 1. The 
theory of operation of thyristors can be shown from first 
a basic look at diode rectifier waveforms, followed by 
analysis of the results of controlling the firing angle. 

The second section to be examined is the firing control 
circuitry, most often given in the literature as a "black 
box." This is the heart of the cycloconverter operation. 

A subsidiary section, but nevertheless important for the 
application to propulsion systems, is the generation of 

the three phase variable frequency reference signal. 

I 

1.1 Single Phase Rectifier Theory 

Consider the basic diode rectifier, resistive 
load circuit of figure 3. To determine the average value 



19 



Em Sin ot 



E 



Half Wq V e Rectifier 
Fi gure 3 




Full V>/ave Rectifier 
Figure 4 
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of voltage across the load, the voltage is integrated 
over half of a cycle, and divided by the period of the 
wave form. 



= E = 0.318 E (1.1.1) 

d . c . _m m 

E^ refers to the peak instantaneous value of voltage, 

rather than RMS voltage. The derivations are shown in 

Appendix A. For a strictly resistive load, the average 

value of the load, current is the average d.c. value of 

voltage divided by the load resistance. 

= E = 0.318 E (1«1.2) 

d.c. _m _m 

TtR R 

In order to determine the heating value of the load 
current, the RMS current can be determined. 



^RMS 



E 

m 

2R 



(1.1.3) 



Figure 4 shows the single phase diode rectifier, 
resistive load circuit operating as a full wave rectifier. 
Obviously, the average value of voltage and RMS current 
will increase. The d.c. value of voltage will double. 



E^ = 2E 
d.c. m 






(1.1.4) 
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The RMS value of current does not double, but only 
increases by the square root of 2, 



^RMS 



\fl E 
m 

2R 



(lol,5) 



The effectiveness of power can be measured by the ratio 
of the average power (power used in the generation of 
torque) to the RMS value of power (which is the source 
of heating). Therefore, in addition to delivering a 
smoother waveform, the full wave rectifier is more 
effective in delivering power to a load. 



Controlled output may be achieved by con- 
necting SCR^Sj which are also called thyristors, into the 
circuits discussed above in place of the conventional 
diodes. SCR* s are semiconductor devices, which block 
current in both directions, unless a firing pulse is 
applied to the gate of the device, in which case it will 
pass forward current, as long as the current level exceeds 

a minimum holding current, with only a voltage drop of 

4 

approximately one volt across the junction. 

The analysis of the half wave circuit with 
thyristors differs from the diode rectifier circuit only 
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in the addition of the firing angle a as a variable. 

Current will be in the load nov; only between wt=a and 

03t=jr (figure 5). The expression for the average value 

of voltage across the load is 

E, = E (1 + cos a) (1.1.6) 

a . c . _rn 

2:t 

This will equate to equation (1.1.1) when a = 0. Similarly, 

1 1/2 

Irj^S = \ (li - Oi + ~ sin 2a) ' (1.1.7) 

2 R 

which, when a = 0, reduces to equation (1.1.3). The 
variations of these equations are plotted in figure 6. 

If thyristors are used in the case of full wave 
circuits in place of the diodes, similar analysis shows 
that 

E = E (1 + cos a) (1.1.8) 

d C ^ 

jt 

and 

1 1/2 

^RMS " ^tn (3t - a + y sin 2a)"' (1.1.9) 

R 

These equations are not developed in Appendix A, for they 
follow directly from previous development. 
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Figure 5 
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Normalized Voltage / C ur ran t 




Variation of Average Voltage and RMS 
Current with Thyristor Firing Angle 

for a Resistive Load 
Figure 6 
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Unfortunately, most realistic loads are 
inductive as well as resistive, which complicates the 
expressions for the load voltage. Assume that in the 
circuit of figure 7, the load current is continuous; 
that is, the firing angle of the thyristor is small 
enough that an average d.c. current must be delivered 
to the load. In this case, each SCR will continue 
conducting current until the firing of the opposite 
SCR causes natural commutation. From a to jr, the SCR 
will deliver positive power to the load, and between jt 
and jr + a, it will deliver negative power to the load. 

The average d.c. voltage across the inductive load can 
then be calculated to be 

= 2E cos a (1.1.10) 

d.c. m 

jt 

This means that the average d.c. voltage 
delivered to the load is positive for firing angles of 
less than 90 degrees, but negative for firing angles of 
greater than 90 degrees. This shows the ability of 
thyristor circuits to feed back energy to the supply in 
the case of inductive loads. A diode bridge circuit, 
characterized by a = 0, cannot perform this. 
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Full Wave Thyristor Rectifier 



Figure 7 



1,2 Three Phase Rectifier Theory 



In order to improve the output v;aveform of any 
rectifier network, polyphase operation is desirable. In 
current power technology, three phase power sources are 
most common, because of their maximum economy in trans- 
mitting power. Therefore, most power generation devel- 
opments have been in the area of three phase systems. 

Three phase rectifier circuits can be divided 
into two basic types -- half wave bridges and full wave 
bridges,^ Full wave bridges are often sub-classified 
into complete and incomplete bridges; an incomplete 
bridge is a hybrid bridge consisting of half thyristors 
and half diodes. A half wave bridge is obviously less 
expensive for it requires only half the diodes or 
thyristors required by a full wave bridge, and, in the 
case of a thyristor bridge, only half the number of 
timing circuits required by a full wave bridge. It 
does, however, have the disadvantage of having a more 
discontinuous waveform, and of requiring a neutral or 
return path to the supply, necessitating a wye connected 
transformer. 
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A typical half wave three phase diode bridge 
network is shown in figure 8a. Assume that the load is 
resistive and returns to a common neutral, such as the 
star connection of a transformer. Each rectifier con- 
ducts only for one third of a cycle -- from ir/6 to 
5tt/6 in its own reference frame. Through natural 
commutation, each diode conducts while its line 
voltage is greater than the other two. As can be seen 
in figure 8b, the output wave form has an average 
value with an a.c. ripple on top having fundamental 
component of frequency equal to triple the line 
frequency. 



The average value of the d.c. voltage across 
the load is equal to 

E_, = 3 n/3 E = 0.827 E (1.2.1) 

d.c. -7; — m m 

Z7t 

If the diodes are replaced by thyristors, the 
firing angle of operation can only be controlled between 
jr/6 and it (with a resistive load). If the firing pulse is 
terminated before or commenced after this range, then the 
thyristor will block the entire time. The angle a is 
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Half Wave Bridge 
Figure 'Ba 



V 




Fig u re 'B b 

30 



measured from the value of cjt which produces the 

maximum value of load voltage, E, .In the case of 

d.c. 

three phase half v;ave operation, E occurs at 

o • c • 

max 

cot = at which point a = 0. For a = 0 to a = :it/6, 

there is continuous current in the load resistor* 



““d.c, 



3 v/3 E 



m 



cos OL 



27t 



( 1 . 2 . 2 ) 



For d greater than rc/6 and less than 5 tc/ 6, 
the conduction is discontinuous for resistive loads. 
The average value of d.c. voltage is then given by 

^d.c. = ^ [ 1 + cos (a + jt/6) ] 

2jc 

In the most general case, for any polyphase half wave 
bridge circuit, the average load voltage can be 
expressed as 



E n E . :iT ^ 

d.c. = m sin — cos OL 



(1.2.4) 



where n is the number of phases in the circuit. This 
equation is applicable for the case of continuous con- 
duction of current only. As the number of phases 
increases, the "critical" angle, past which there is 
discontinuous conduction, decreases. In general, the 
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(1.2.5) 



critical angle is given as 

a _ ?T ( 4 - n ) 

^ 2n 

where n is the number of phases. 

The three phase full wave bridge is a more 
complex circuit to analyze in terms of individual 
thyristor operation. Figure 9 is a representation of 
a typical circuit and its accompanying waveform, for 
the case of diode rectifier elements. For a resistive 
load, the load voltage corresponds to the maximum tc/ 3 
portions of the three phase input voltages. Each 
diode will conduct for a total of one third of a cycle, 
but half of this time it is acting as the return path 
for the current to the source® Therefore, the output 
waveform has an average d.c. value with an a.c. ripple 
superimposed on top having a fundamental component of 
frequency equal to six times the line frequency. 

The full wave bridge circuit yields the 
maximum d.c. value of any three phase rectifier 
circuit. The average value of the d.c. voltage across 
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Three Phase Full Wave Bridge Rectifier 

Figure 9a 



V 




Full Wave Rectifier V’^'aveform 



Figure 9b 



the load is equal to 



^d.c. = ^ \ = 0.955 E 

m 

jt 

In this case, is the peak line-to-line voltage, 
this value is compared to the half wave bridge, it 
should be converted in terms of line-to-neutiral 
voltages. In this case 



(1.2o6) 

If 



d . c . - 



3 x/s E 



m 



= 1.654 E 



(1-2.7) 



m 



1-n 



It was indicated earlier in the chapter that 
the diodes could be replaced in two basic wajs in the 
full wave bridge network (in actual circuitrj, there may- 
be five or more variations, but only two are stan- 
4 

dardized ). In the incomplete full wave thyristor 
bridge, the diodes used in half of the network are 
replaced by thyristors (figure 10a). The conplete 
full wave bridge consists of six thyristors {figure 10b). 



With thyristors in place of diodesj^ the 
firing angle again is measured from the value of cot 
producing maximum load voltage, which in this case 
is cot = 7 t/3o Therefore, for resistive loads, the firing 
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Hybrid Bridge Circuit 
F i g u I' e 1 0 a 




C omplete Bridge C ircuit 
Figure lOb 
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angle must be controlled between a = 0 and OL = 2:r/3 
for the full wave bridge circuit (it can be controlled 
between a = 0 and a = :rt for the hybrid bridge circuit). 
For CL greater than 0 and less than Jt/B, there is con- 
tinuous conduction, and 



E 



d 



# c • 



3 E 

m cos CL 

jt 



( 1 , 2 , 8 ) 



If the firing angle a occurs in the region 
between OL = jr/3 and a = 2jt/3, the first conducting 
thyristor turns off before the next conducting 
thyristor turns on, causing discontinuous conduction. 

The average value of d,c, load voltage is then 

E. 3 E _ , ^ /ON 1 (1-2,9) 

d,c, = m [ 1 + cos (a + tc/3) ] 

jr 

The analysis of voltage and current relations 
developed above which are applicable to rectifier 
systems, are based on a number of simplifying assumptions, 
such as perfectly resistive loads and ideal supplies -- 
that is, no inductance exists in either the load or the 
a,c. supply circuit, which inhibits the phase currents 
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from instantaneously changing from zero to full value. 
This implies that there is instantaneous phase com- 
mutation. 



Any reactance in the a.c. supply will cause 
current overlapping at the time of phase commutation. 
Under ideal conditions, all of the current passing 
through one rectifier is terminated and full current 
flow through the next conducting rectifier is initiated 
at the instant of phase commutation without delay 
(figure 11a). Inductance in the supply to the rectifier 
both causes the current in the first phase to decay 
exponentially, and the current in the next succeeding 
phase to rise exponentially. Thus the succeeding phase 
commutation is not completed until after a finite 
interval; the angle of overlap is often designated \i 
(shown in figure 11b). The more the inductance in the 
supply circuit, then obviously the greater the amount 
of distortion in the current shape. Since the two 
rectifiers are conducting simultaneously, the voltage 
waveform is also distorted (figure 11c). Since the 
load voltage is equal to the mean of the two conducting 
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Three Phose Half Wave Rectifier 
Figure II 







Figure lla 




Figure lie 



(sl::B::B::B::B::B::B::f"-j« 

i8nB::B::B::B::B::B::B:r"- 

•4 "It It It It It It It H"« 

B"B"B"B"B"B"B"B"B"B 
■B~B~B~B~B~B..tf» j-t 





phases, the overall effect is to reduce the load 
voltage as shown. The form of the mean output voltage 
is then reduced to 

^d.c.'^^d.c. (1.2.10) 

The sum of the overlapping phase currents is constant 
during the commutating period, and is equal to the 
load current (if, under conditions of infinite load 
inductance, the load current is constant). Thus the 
overall effect of input circuit reactance is to 
increase the current-conducting period of each phase, 
without altering the maximum value of the load currents 
or average value of the phase currents, but reducing 
the mean output voltage. The input RMS current is also 
reduced. 



If the diodes are replaced by SCR*s, the 

voltage reduction is not only proportional to the current 

overlap p, but also to the firing angle a. 

E , = E cos a “b cos (g + u) (1.2oll) 

ct.c. ct.c. 2 

This, of course, reduces to equation (1.2.2) when the 
overlap interval p = 0. The same current relations hold 
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in this case as in the diode case* 

1.3 Inverter Operation 

In section 1.2, it was shown that there exists 
a critical angle , beyond which there is discontinuous 
conduction for noninductive loads. With inductive loads, 
however, the flow of current can be maintained in the 
load circuit, and thus in the individual phases of the 
rectifier network during the interval between voltage 
zero-crossovers, and the new commutation angle a. During 
these intervals, the rectifier is supplying energy back 
to the a.c. supply directly from the load; in other 
words, it is acting as an inverter. It is evident that 
the rectifier can only operate in this mode if thyristors 
are used -- diodes will not suffice. 



When defining inversion, the firing angle a 
is generally not the defining angle, but in its place is 
the extinction angle p, which is equal to - a. The 
mean output voltage during inversion is then 



d.c, 



-3 E 



m 



cos p 



(1.3.1) 
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There is a finite value of p beyond which inversion 
cannot take place. The interval (p - p) is the angle 
between the completion of the phase commutation (a -b p) 
and the point where the phase voltages are equal (a = p) . 
This angle must always be greater than zero -- in other 
words, the extinction angle p must be large enough to 
exceed the overlap angle p at all load currents. If 
current overlap is included in the determination of the 
mean load voltage, then 

^d.c.' ^ ^d.c. cos (tc - p) + cos (tt - p + u) 

(1.3.2) 

by substituting a = (^r - p). That the above then 
produces a negative voltage is shown by 

^d.c.' = "^d.c. QOS P -1 cos (|3 + ^x) (1.3.3) 

Inversion thus always drags lagging reactive power from 
the load. 

i 

1.4 Cycloconverter Application 

As stated in the Introduction, the cycloconverter 
consists of two basic groups of rectifiers, often called 
the positive and negative groups. Each group consists of 
thyristors connected in this case so as to provide a full 



41 



wave circuit. The current to the load from each 
respective group can flow only in one direction. 
Therefore, since the a.c. output has an average value 
of zero, the two groups are connected back-to-back in 
the circuit. Simply alternating the firing of the two 
groups would result in an a.c. output of sorts. Rissik 
designated this type of operation ’’envelope cyclo- 
conversion”; it is merely a controlled rectifier in 

which the rectified current is alternated between 

3 

positive and negative values. Because of the natural 
commutation, non-resist ive loads are not permissable, 
since there can be no power regeneration back across the 
circuit. In order to obtain this power regeneration as 
well as voltage control, the firing angle must be phase 
controlled. This phase controlled cycloconverter can 
thus supply inductive loads by operating the rectifier 
group in the inverter mode. Since, at any instant, both 
rectifying groups and inversion groups are available to 
conduct the load current, loads of virtually any power 
factor may be controlled by the cycloconverter. 

If the input circuit is polyphase, the output 
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mm 








becomes smoother, having lower harmonic content. In 
the case of a three phase full wave cycloconverter, the 
lowest harmonic frequency is six times the input 
frequency. The higher the frequency of the lowest 
harmonic, then the smaller the realizable filter can 
be, if needed. If the load is an a.c. synchronous 
motor, then the unfiltered output is sufficient to 
operate the machine, for the higher harmonics have no 
measurable effect on speed control. 

It was demonstrated previously that the output 
of the rectifier group is E , = E cos a in the 

O.C. Q.C. 

rectifier mode of operation, and E, , = -E , cos B 

d.c. * d.Co 

in the inversion mode. Thus the average output voltage 

mav be varied between E, and -E , . To achieve a 

d.c. d.c. 

sinusoidal variation in the output voltage, the firing 
angles CC and p must be varied smoothly and sinusoidally 
at the desired output frequency o) . 0 ^ a ^ tc and 

tt ^ p ^ 2 tc and a,p = f(o) t). The output of the cyclo- 

ti 

converter is not a function of the low frequency 
reference and can be represented by a Fourier Series. 

oo 

V = ^ E a cos n oj t (1.4.1) 

n=l d.c. n L ' 
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To be valid, the output waveform must be analyzed over 

the period of the low frequency waveform, as opposed 

to the input waveform. The ideal situation occurs 

when both the input signal and the low frequency 

reference signal are sinusoidal at the point in the 

circuit where the firing angle is determined. In this 

case, the oytput voltage equals 

V = E cos CO t (lo4.2) 

d • c • E 

The amplitude of the fundamental component of frequency, 

(0 , is E , while there are no higher frequency 

Li cl • C • 

harmonics in the ideal case. In the actual cyclocon- 
verter circuit developed for this report, the low 
frequency reference signal is sinusoidal, but the input 
waveform has been transformed into a ramp function, which 
can be normalized as 

f(co ) = 2 CO t (1.4.3) 

The output voltage then must be 

V = E sin ( kit cos co t ) (1.4.4) 

d o c . E 



In determining the Fourier content of this output waveform, 

a = 2 j flk ,, , .. 

n n — j n odd (1.4. 5) 
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where J is the Bessel function of the first kind. Thus 
n 

V = 2 E , d-, ( cos co^ t " cos 3 (a)_ t 

d . c . 1 L L 

+ J cos 5 CO t ...) (lo4o6) 

O E 

In the case where the maximum variations of the low 

frequency sinusoidal function is equal to the range 

of the ramp function (k = 1), 

V = 1-. 15 E, ( cos (0 t - 0.127 cos 3 (o t 

d.c. L L 

+ 0.004 cosScot...) (1.4.7) 

E 

There are, of course, harmonics due to the input ripple, 
but as expressed earlier, the lowest ripple frequency 
for a three phase full wave cycloconverter is 6 co^. If 
CO =60 Hz., and co = 10 Hz., then in the 10 Hz. output 
waveform, the lowest harmonic of ripple frequency is 
360 Hz. , which can easily be filtered if necessary. 

Each half wave of the low frequency output, then, 
consists of different portions of both half v;aves (full 
wave operation) of the supply voltage o The overall effect 
is the assimilation of the low frequency wave. The firing 
angle is at a maximum at the beginning and at the. end of 
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each half cycle of the output. At it, the firing angle 
is at a minimum. To produce the maximum value of output 
Voltage, the firing angle must be equal to zero. The 
output voltage can then be subsequently reduced by 
limiting the minimum value of the firing angle a. To 
produce a zero output, the firing angle a is kept 
constant at a = Tt(l - , where n is the number of 

phases. In the actual cycloconverter, a cannot equal 
0, for in the inverter mode of operation, p (and con- 
sequently a, for symmetric operation) must exceed the 
delay angle p. 

In earlier cycloconverter configurations, firing 
pulses were given to both the positive and negative 
groups simultaneously o The result was intergroup 
circulating currents. These circulating currents were 
controlled by placing reactance in the intergroup circuit 
connections. A better solution was ’’blanking," or 
selectively firing one group of thyristors at a time, by 
detection of the polarity of the load current. The best 
solution of this problem is to selectively control the 
firing of each individual thyristor, for at any given 
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instant, only one thyristor in each output phase will 
be conducting. Thus digital logic is used to examine 
the state of the device and to select which thyristors 
are to receive the firing pulses. 

There are three states which must be examined 
in order to determine the sequence of SCR firing. A 
simple full wave single phase to single phase cyclo- 
converter circuit is shown in figure 12. The decision 
of which SCR to fire is based on the polarity of the 
low frequency reference voltage, on the polarity of 
the load current, and on the polarity of the sinusoidal 
supply voltage. These logical states are designated 
LV, LI, and SV respectively. The polarity of a wave 
is considered here only to have two states: positive 

and negative. The zero-crossing is approximated to be 
instantaneous and is not given a state value. 

A truth table (Table 1) then can be formulated 
in terms of the state variables.^ A logical 1 in the 
truth table corresponds to positive polarity of the 
state variable, A logical 1 in the output implies that 
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Single Phase to Single Phase 
C y c loconverl er 

Figure 12 
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States Outputs 
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Tru^th Table 



a firing pulse is to be applied to the indicated SCR -- 
it says nothing yet about the nature of this firing 
pulse. Karnaugh maps^ are then derived for each output 
function, in order to get minimal logical expressions 
(Table 2). Unfortunately, the Karnaugh maps demonstrated 
that the expressions for each of the logical functions 
could not be minimized beyond the canonic forms (Standard 
Sum of Products). The resulting switching functions for 
each output are. 



I- 


= LVLI-SV 


+ 


LV-LI-SV 


(1.4.8a) 


II 


= LV*LI*SV 


+ 


LV-LI-'^ 


(1.4.8b) 


III 


= LV-LI-"^ 


+ 


LV-LI-SV 


(1.4.8c) 


IV 


= LV-LI'SV 




LV-LI-SV 


(1.4. 8d) 



When LV = LI, the cycloconverter is operating 
in the rectification mode, and power is being delivered 
to the load. When LV LI, the cycloconverter is 
operating in the inversion mode, and pox^er is being 
regenerated back to the source supply. Nox^ positive 
blanking is achieved, and intergroup currents are 
prevented. The functions are in terms of minimal sum 
of products expressions and can be easily realized using 
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Karnaugh Maps 



conventional logic circuitry. 



It was stated earlier that the a.c. input 
supply voltage was converted to a ramp function having 
the same period as the supply voltage. In actuality, 
two ramps are generated; one ramp has a period from 
to while the second ramp has a period from 0 to 2tt. 
The low frequency reference signal is then superimposed 
on both ramps to determine the firing angle for the 
thyristors. As the low frequency signal increases 
from zero, the firing angle Oi decreases from tt towards 
zero on the ramp having the period from 0 (or lit) on 
the other ramp. If the low frequency signal in turn is 
inverted and superimposed upon the ramps, the firing 
angle a will be increasing from ^ and 0 respectively. 
Thus, there are four simultaneous variations of the 
firing angle depending upon which circuit is selected: 
for the low frequency sine wave increasing from zero, 
these are the firing angle a decreasing from jr (tc ^ ), 
decreasing from 0 (0 | ) , increasing from jr (jt f ), and 
increasing from 0 (0 I ) . The truth table can now be 
amended as in Table 3. In the next chapter, it will be 
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Modified Truth Table 
Table 3 
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shown that these conditions can be combined with the 



Logical expressions developed earlier to generate the 
proper firing angle for each thyristor. 
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1,5 Three Phase Low Frequency Generation 



In most cycloconverter applications, any 
variable frequency three phase reference voltage is 
sufficient for proper operation of the device. If 
three phase cycloconverter operation is desired, then 
the only requirement upon the variable frequency 
oscillator is that it be three phase with constant phase 
relationship .throughout the frequency range of the 
oscillator. A very easy way to do this is by using two 
multipliers and two integrators. This produces a two 
phase oscillator, whose phases are always ninety 
degrees apart. From these, three phasors, 120 degrees 
apart in phase, can be produced, yielding a three phase 
voltage controlled sine wave generator. 

In order to drive a synchronous motor mounted 
directly on the propellor shaft, it is desirable to feed 
back the information regarding not only the shaft speed, 
but also the relative position of the rotor with respect to 
the rotating flux wave produced by the current in the 
armature. The torque produced by the motor onto the 
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shaft is a function of the air gap flux ^ , the rotor 

a 

mmf snd the torque angle representing the lag of 
the rotor mmf wave with respect to the air gap flux 
wave,^ One expression for the torque in a synchronous 
machine is 

T = jr (poles)^ $ F sin y (1.5.1) 

77 — a r * r 



The rotor mmf F is determined by the exciter current in 
r 

the field, and is constant under normal operation. 



F 

r 



4 k N 



I 

r 



(1.5.2) 



= winding factor 

N “ number of turns on the rotor 
r 

p = number of poles in the machine 

The air gap flux Q. is a function of many constants and 

3i 

the instantaneous value of the armature current. 

5 = 8kN dip I (1.5.3) 

a— ss ‘^oa 

Tt — * 

p' ^ 

k^ = stator winding factor 

N = number of turns in the stator 

s 



d, 1, g = dimensions of the machine 

= permeability of the iron circuit 

I is the fundamental a.c. armature current being supplied 
a 
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by the cycloconverter. Thus the torque available to the 
load can be varied by varying the armature current 
produced by the cycloconverter, if the torque angle is 
held constant. Maximum torque for the machine at rated 
current occurs when the torque angle Therefore, 

if it is desired to maintain approximately 7 t/ 2 , then 

the rotor position (which implies the spatial position 
of the rotor mmf) must be sensed, such that the reference 
voltage of any phase can lead the rotor flux by the 
required amount to produce maximum torque. 

The best way to indicate the shaft position is 
to mount a Selsyn generator, or other appropriate electro- 
mechanical transducer, directly on the shaft. The Selsyn 
generator has a single phase winding on the rotor connected 
to an a.c. voltage source. The stator has three windings 
with axes 120 degrees apart and connected in wye. When 
the single phase rotor winding is excited, voltages are 
induced by transformer action in the stator windings. The 
resultant waveform is the impressed a.c. frequency 
modulated by the mechanical frequency of the shaft. In 
addition, the absolute position of the shaft with respect 
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to any winding is indicated by the amplitude of the 
carrier signal on the winding at that instant. The 
signal from each of the three stator windings must be 
demodulated, as well as phase detected. This can be 
done by a two diode shunt demodulator as shown in the 
next chapter. The resultant low frequency sine waves 
are 120 degrees out of phase with each other, and have 
a direct correspondence to actual shaft position. Thus 
the maximum torque angle can be controlled. Then to 
increase shaft speed, only the amplitude of the current 
through the cycloconverter must be increased, as 
explained above. The phase relationship can be reversed 
to reverse the motor, thus providing the required full 
range of operation. 
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Chapter II 



Design Applications and Circuits 
2.1 Cycloconverter Section 

The cycloconverter consists basically of two 
major units 3 each of which will be considered separately. 
The thyristor section can also be designated the pov^zer 
section, for it consists mainly of the power thyristors 
themselves plus the load and protective circuitry. The 
other major unit is the triggering network. This low 
power level section generates the firing signals that are 
applied to the gate of each thyristor. 

2.1.1 Triggering Network 

There are three basic inputs required by the 
triggering network. These are the input supply voltage, 
the low frequency reference voltage and the load current 
signal. The output of the triggering network is a 
firing signal to each SCR, properly phase controlled and 
of sufficient power to fire the SCR reliably. The 
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triggering network discussed below is then the heart 
of the cycloconverter, and critical to its operation. 

The particular network discussed is only for one phase 
input to one phase output operation. To produce three 
phase input to three phase output operation, nine 
identical modules can be used, each connected to a 
different combination of input and output phases. The 
triggering network can be divided into four sections: 
the ramp generators, the summing circuit, the digital 
logic, and the trigger circuits. 

The ramp generator section is shown in figure 13. 
The transformer steps the supply voltage down to an 
acceptable level so as not to exceed the differential 
input voltage of the operational amplifier. The 
operational amplifier, having a very high input impedance, 
requires no more than a potential transformer to provide 
the reference voltage. The operational amplifier acts as 
a comparator or sign detector. The waveform at point a 
is then a square wave varying between +12 and ~12 d.c. 
volts, having the same frequency as the input supply. 

The waveform then goes into two circuits at this point. 
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Ramp Circuit 
Figure !3 



One circuit consists of a pulse generator (an RC 
differentiator) which drives a linear sweep circuit 
having a period of 2t: (initiated by a positive pulse, and 
resetting at each succeeding positive pulse). The linear 
rise is caused by a constant current charging the 100 pf 
capacitor. The waveform at point a also is inputted into 
the base of a transistor inverter. Thus, at point b, 
the waveform is the inverse of that at point a, or delayed 
by cot = j:. This inverted waveform goes through an 
identical pulse generator and linear sweep circuit, 
producing a ramp, R2 , which is 180 degrees out of phase 
with the first ramp, Rl. The waveforms are shown in 
figure 14, for the labelled points in the circuit. 

The second unit in the triggering circuit is 
the summing circuit. In this section the low frequency 
reference signal is added to the ramp functions generated 
in the previous sectiouo The ramp generators require a 
high impedance load, provided by the 100 K impedance 
levels of the adder circuit. The operational amplifiers 
are again used as comparators, with the comparison levels 
being adjustable voltages in order to set the initial 
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Volfage Waveforms in Ramp Circuit 

Figure 14 



firing point, when the low frequency voltage is 
deenergized, at a point on the ramp corresponding to 
the exact middle of the period. The low frequency 
voltage then moves the firing point up and down the ramp 
the range being adjusted by adjusting the output voltage 
of the low frequency generator. Figure 15 is a circuit 
diagram of the adder section. The operational amplifier 
labeled I is an inverter having a gain of -1. It is 
used to invert the low frequency function, in order to 
sweep the ramp in the opposite direction. The output 
waveforms, corresponding to V = jr/4, are shown in 

i-i 

figure 16. 



The third section of the firing circuit is the 
digital logic section. This section is subdivided into 
two further sections. The first subsection, shown in 
figure 17, realizes the truth table given in Table 1 of 
Chapter 1. DTL (Diode-Transistor- logic) components are 
used to facilitate the interface with the rest of the 
analog circuitry, and additionally to drive the required 
number of gates (RTL has difficulty driving more than 3 
gates without the use of a power gate) . The transistor 
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circuits change the voltage levels of the operational 
amplifiers from +12 and -12 volts to +5 and 0 volts 
required by the digital logic. 

The second subsection, shown in figure 18, has 
two functions. It employs monostable multivibrators (or 
pulse generators) which are triggered on the rising edge 
of the pulses generated in the summing circuit. The output 
of these pulse generators are 1 millisecond pulses, which 
are then- ’’anded" with the outputs of the first subsection 
to realize finally the Table 3 of Chapter 1. The result 
is that firing pulses are available to be applied to 
the gates of the SCR*s, 

The SCR*s are connected anti-parallel, but the 
trigger must always be applied from the gate to the 
cathode. Therefore, the actual firing circuits must be 
isolated from the individual thyristors. The pulse trans- 
formers provide the required isolation, and in conjunction 
with the accompanying transistor circuit (figure 19), 
provide the level of gating current to insure reliable 
operation of the SCR's. 
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Trigger Circuit 
Figure 19 
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2.1.2 Thyristor Network 



The thyristors are connected as shovaa 
originally in figure 1. Full rated fuses are inserted 
in each of the input voltage supply networks. The motor 
is then placed directly in the output of the cyclocon- 
verter. The only additional circuitry is the insertion 
of phase current detectors (figure 20). Shunts are 
used to provide the current polarity reference signal 
to an operational amplifier with sufficient hysteresis 
in the feedback to eliminate spurious noise and high 
frequency harmonics about the zero cross-over. These 
current shunts are placed in the low voltage side of 
the motor, and can be interfaced directly with the 
trigger circuitry. The shunt must be rated so as to 
provide no more than 5 volts voltage drop for the 
maximum current rating of the motor, in order not to 
exceed the differential input voltage limitation of the 
operational amplifier . 

To convert three phase, 60 hertz power to 
three phase, variable frequency power requires a minimum 
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Moto r Drive Circuit 



of 36 thyristors (3 circuits identical to figure 1). The 
capability of each SCR is based upon the peak voltage 
which it must block in either direction, as well as the 
RMS current it must conduct under complete conduction 
conditions. The system proposed in reference 1 requires 
each phase to conduct 615 amperes maximum, and block 
3850 peak volts. To provide for reliable operation, 

SCR’s that are currently available which are able to 
handle this amount of current must be operated in series 
of at least three to reduce the voltage blocking 
requirements. When operated in series, additional 
voltage equalizing networks must be employed to prevent 
overloading any one SCR. These SCR assemblies will 
have to be x^ater cooled with at least one gpm. for each 
set of three SCR^ s to dissipate the thermal energy 
produced at the junction. No external cooling is needed 
for the control circuitry, however. If voltage regulated 
poxN/er supplies are constructed for providing the 
necessary +12, -12 and +5 d.c. voltage levels needed in 
the control unit, the pox^er requirement is so small that 
individual poxver transistors in the pox-zer supplies can 
be cooled convectively simply by attaching small heat 
sinks. 
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2.2 Low Frequency Reference Generation 



It was stated in Chapter 1 that a demodulation 
circuit is required to generate the variable frequency 
reference voltage supplied to the triggering network. 

Not only are variable frequency, constant phase separated, 
three phase reference voltages required, but also the 
signal must be directly phase associated with the 
position of the rotor in the synchronous motor in order 
to optimize the torque angle. 

A three winding Selsyn generator is directly 
coupled to the shaft of the synchronous motor. The rotor 
of the Selsyn generator receives a high frequency voltage 
available from the high frequency side of the cyclocon- 
verter through slip rings. The three stator windings 
are connected to three transformers with the secondary 
center-tapped. A demodulator (see figure 21) is used to 
provide the required reference frequency, dependent upon 
the speed of rotation as well as the actual phase position 

of the rotor. The demodulator is the two diode shunt 
9 

demodulator and acts as a phase detector as well as a 
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demodulator* The voltage out of the Selsyn generator is 
described as 



V = V cos GO^ t cos Cl) t (2.2,1) 

m L s 

The reference voltage is added and substracted to this 
signal 

V = V cos w t (2.2.2) 

r rm s 

The addition of the reference voltage produces 

V, = V cos CO t -h V (2.2.3) 

, 1 m L rm 

n 

While the subtraction of the reference voltage 
simultaneously produces 



Vo “ “V cos co_ t -b V 
2 m L rm 



(2.2.4) 



The output of each demodulator circuit then becomes 



Vi - V. = = 2 cos CO t 

1 2 L ML 



(2.2.5) 



jt 

and separated in phase from each other by 120 degrees. 
Even when the propeller shaft is at dead stop, there is 
a phase voltage on each phase indicating the angular 
position of the shafto 



The signal from the demodulator must be filtered 
and sent through a differential amplifier in order to 
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transform the balanced waveform into a voltage about the 
circuit ground. A single feedback, high pass Butterworth 
active RC filter is used to smooth the waveform to the 
level required by the triggering circuit. The output 
of this filter is then sent directly to the summing 
section of the triggering network, as described 
previously,. The Butterworth filter was designed for a 
maximally flat response with a 40 db/decade rolloff. 
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Chapter III 



Analysis of Performance 

In order to test the cycloconverter circuit 
under various load conditions with a wide range of load 
power factors, several devices were inserted into the 
cycloconverter load circuit. A wire-wound resistance of 
108 ohms was inserted first as the load. The frequency 
was controlled by a separate function generator. The 
frequency range was varied over a complete range from 
0 hertz to 30 hertz (the supply frequency to the cyclo- 
converter in all cases is 60 hertz). The voltage across 
the load was displayed on an oscilloscope. Figure 22 is 
a photograph of the load voltage v/aveform, clearly showing 
the sinusoidal variation in firing angle. All of the 
oscilloscope settings for each photograph are given in 
Appendix B. There was only a slight inductance in the 
circuit, cased by the inductance of the wire-wound load 
resistor. The current waveform was then essentially 
identical to that of the voltage, and in phase with the 
voltage. With a resistive load, there is no inversion 
mode in the cycloconverter, and only the thyristors 
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Resistive Load Voltage 
Figure 22 




Firing Pulses 
Figure 23 





labled I and II in figure 12 will receive firing 
pulses, during the positive half cycle of the low 
frequency voltage, V7hile only thyristors II and IV will 
receive firing pulses during the negative half cycle* 

This is shown in figure 23* The top trace on the 
oscilloscope is the firing pulse train to thyristor I, 
the second trace is the firing pulse train to thyristor 
II, and so forth. 

Inductance was then added into the load circuit, 
and the resistance was reduced to 25 ohms. The total 
impedance of the load then became Z = 27.2 + J24.5 ohms, 

at a frequency of 6 hertz. This inductance was sufficient 
to smooth the current waveform, in order that it could 
be graphically displayed in figure 24. The smoothed 
waveform is the current waveform, which is* shown to lag 
the voltage waveform by approximately 42 degrees, which 
agrees with the calculated lag. 

The first motor employed in the load circuit 
was a one quarter horsepower, permanent-split-capacitor 
synchronous motor (single phase). The motor was loaded 
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Continuous Waveform 
Load Current 



Voltage and Current in Inductive Load 



Figure 24 





only by its own shaft friction. The starting 
characteristics of the motor were poor when low 
frequency (less than 10 hertz) power was applied to the 
stators, because the permanent capacitance in the split 
phase circuit was a tradeoff between efficient starting 
at 60 hz. and smooth continuous operation at rated speed. 
The motor has difficulty in generating sufficient torque 
to operate at a frequency below approximately 5 hertz. 
Again the frequency was controlled by a variable 
frequency function generator. The shaft speed was 
measured by a Strobotac, triggered by the frequency 
generator. The motor was then observed to operate in 
precise synchronism with the reference low frequency 
voltage from the function generator. The voltage wave- 
forms for the machine operating at 180 RPM ( 6 hz. ) and 
450 RPM ( 15 hz. ) are shown in figures 25a and b 
respectively. 

Finally a single-phase, shaded pole one quarter 
horsepower synchronous motor was connected to the single 
phase cycloconverter. At a prescribed low frequency 
output of the function generator, the motor came up to 
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M otor at 180 RPM 
F igu re 2 5a 




Motor at 45 0 RPM 
Figure 25b 




speed as an induction, motor and snapped into synchronism. 
At this time, mechanical shaft load would be applied to 
the shaft manually, and the motor v/ould remain synchronous 
while the torque angle would increase. The frequency 
generator system was then connected to the synchronous 
motor in order to test the proposed control system. The 
Selsyn generator was connected to the shaft of the 
synchronous motor by a flexible shaft coupling in order 
to insure that the Selsyn generator would be driven at 
the same speed as the synchronous motor. The position 
of the Selsyn with respect to the spatial position of 
the rotor of the synchronous motor was adjusted so that 
the output of the frequency generator was in phase with 
the low frequency voltage applied to the motor. The motor 
would not self start, because of the inherent limitations 
of the single phase motor. This problem will not be 
encountered with a full scale system employing synchronous 
motors with three phase stator windings. 

Synchronous motors can operate very well on an 
extremely rough waveform. It is generally accepted that 
the waveform of a cycloconverter operating above 
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approximately one third of the input frequency is 
unusable. It was demonstrated, however, that a 
synchronous motor controlled by a full wave cyclocon- 
verter could be operated at the predicted synchronous 
speed up to even one half of the input frequency. Even 
though the voltage waveform was quite rough, the 
fundamental frequency dominated sufficiently to drive 
the rotor in synchronism. 
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Chapter IV 



Conclusions 

The results of the operational tests described 
in the previous chapter that were applied to the single 
phase to single phase cycloconverter indicate that the 
cycloconverter circuit designed above is a highly 
flexible synchronous motor controller. The cyclocon- 
verter control system (figure 26 ) has several distinct 
advantages over other motor control systems. 

First, the machine can not be pulled out of 
synchronism by torque surges. Under normal synchronous 
motor drive systems, momentary surges of load torque 
beyond the value of pull-out torque will cause the rotor 
to pull out of step v/ith the rotating flux wave in the 
stator. This loss of synchronism is not possible in the 
proposed propulsion system, because its speed control (or 
frequency control, since the speed of a synchronous 
motor is determined by the frequency of the armature 
voltage) is directly coupled to the propulsion shaft. 

If the rotor begins to slip out of synchronism, the three 
phase frequency generator drive in turn slows and sends a 
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lower frequency reference signal to the cycloconverter. 
The cycloconverter then continuously lowers the 
frequency of the stator current, keeping its field in 
synchronism with the rotor. The motor could then be 
returned to the desired operating speed by adjusting the 
amplitude control on the cycloconverter. Increasing the 
amplitude of the stator current causes increased torque 
to be applied by the motor to the shaft. The shaft 
(and the rotor) will accelerate, and the frequency 
generator, attached to the shaft, will accelerate as 
well. Thus, as the shaft speeds up, the frequency of 
the current applied to the stator simultaneously 
increases, and the rotor remains in synchronism with the 
flux wave on the stator. Wien the desired operating 
speed is attained, the amplitude control on the cyclocon- 
verter is decreased until the applied torque of the motor 
equals the torque requirement of the load. 

It can then be seen that a second significant 
advantage of the cycloconverter drive system is that the 
synchronous motor accelerates to the desired operating 
speed synchronously , even when the shaft originally is at 



90 



a stop. In normal synchronous motor systems, the 
synchronous motors come up to speed asynchronously by 
acting as induction motors. This occurs when voltage of 
the desired operating frequency is applied to the stator. 
When the rotor reaches synchronous speed, the rotor pulls 
into synchronism with the armature flux wave. The shaft 
torque produced by the machine when accelerating to 
operating speed asynchronously is not a function of the 
load torque, but is determined by the parameters of the 
motor. The cycloconverter control system of operation 
does not face these problems. The rotor is always in 
synchronism with the stator field, as explained above. 

The only starting torque required by the motor is the 
torque necessary to overcome the load torque, plus 
sufficient torque to accelerate the load at the desired 
rate. Synchronous starting of the motor is then quite 
smooth, and completely controllable at all times. Thus the 
acceleration can be controlled exactly by controlling the 
amplitude of the armature current. 

The propulsion shaft, in addition, can be 
reversed by reversing the phase relationship of the 
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three phase reference frequency. The shaft then can be 
positively slowed by reversing the direction of torque 
applied in order to give a controlled deceleration. 

The cycloconverter control system is a 
potentially attractive method of controlling 
synchronous motor propulsion systems, exhibiting fast 
response and positive control. In order to incorporate 
the above control system into a naval propulsion system, 
a speed control system must be incorporated into the 
overall design (figure 27). This controller will 
compare the actual speed of the propulsion shaft to the 
desired speed requested from the bridge and sends a 
feedback signal to a motor driven potentiometer, V\?hich 
controls the amplitude of the output current from the 
cycloconverter. The potentiometer can increase the 
amplitude of the current to accelerate the rotor if the 
shaft is operating under the desired speed, or it can 
decrease the current amplitude if operating overspeed. 
The speed controller must also have a limiter, which 
limits the rate of change of the potentiometer. The 
limit if a function of the mechanical response of the 
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Proposed Speed Control 



turbines. It is not practical to have a control system 
which would place excessive demands on the prime mover 
supplying the power to the generator which feeds the 
cycloconverter. The motor now could never be pulled out 
of step. If the load torque continuously exceeds the 
pull-out torque of the motor, the rotor and stator 
field will slow together to dead stop, yet maximum 
available torque will still be applied to the shaft by 
the motor at a frequency of 0 hertz. 

This total propulsion control system, 
incorporated into a system having the previously stated 
advantages of superconductors in the fields of the 
generator and the synchronous motor would thus yield a 
highly competitive propulsion system for large naval 
vessels.^ It not only can meet the design- specifications 
for weight and size for a given power rating, but in 
addition it gives the naval engineer added flexibility 
in ship design. The naval engineer is no longer hampered 
by the restraint of placing all of the key propulsion 
units in direct line of the propeller shafts. Finally, 
the proposed cycloconverter system gives the added 
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advantages of fast response and positive control of 
the shaft position and speed under all load conditions. 
All of these reasons combine to make this system 
advantageous for future development. 
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Appendix A 



Derivations 

To determine the equations representing the voltage 
and current across the loads discussed in Chapter I, the 
following systematic steps are shown. 
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Appendix B 



Settings 

Oscilloscope settings for photographs of 

waveforms . 

B. 1 Figure 22 Voltage across a resistive load. 



Voltage 


100 v/cm 


Time 


20 ms/cm 


Frequency 


1.5 hertz 



B. 2 Figure 23 Firing pulses to thyristors I - IV. 



Voltage 


5 v/cm 


Time 


50 ms/cm 


Frequency 


1.5 hertz 



B, 3 Figure 24 Voltage and current in inductive load 



Voltage 


100 v/cm 


Current 


.5 a/cm 


Time 


10 ms/cm 


Frequency 


6 hertz 
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B. 4 Figure 25 Voltage across stator winding. 



Figure 25a. 

Voltage 

Time 

Frequency 

Figure 25b. 

Voltage 

Time 

Frequency 



100 v/cm 
20 ms/cm 
6 hertz 



100 v/cm 
20 ms/cm 
15 hertz 
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